We explore the possibility of having new physics which could account for the l + l − γγ events with M γγ ≃ 60 GeV recently reported by LEP. We consider models which contain an extra neutral gauge boson (Z ′ ) that couples only to right-handed fermions.
Although the standard model of SU(3) C × SU(2) L × U(1) Y has been remarkably successful in explaining the existing experimental data, it is generally expected that there is new physics beyond it because of a large number of unanswered questions, such as the origin of the intriguing family and mass patterns of the quarks and leptons.
Any experimental clue which could shed light on the new physics would be extremely useful.
Recently, the L3 collaboration at LEP has reported [1] one e + e − γγ and three µ + µ − γγ events with a two photon invariant mass (M γγ ) of about 60 GeV, in a sample of 950, 000 Z's produced at center-of-mass energies ranging from 88.2 to 93.8 GeV.
These events cannot be explained by the standard model. The DELPHI collaboration at LEP also has two similar events (one e + e − γγ and one µ + µ − γγ) [2] . However, some l + l − γγ events spreading over a large range of γγ invariant masses were also observed [3] . Furthermore, all of the searches at LEP saw no ννγγ event with M γγ > 10 GeV [1] [2] [3] . While it was estimated that two events with a large lepton-photon angle and M γγ > 40 GeV would be generated by QED bremsstrahlung [3] , the probability of having four such events in a narrow mass bin was O(10 −3 ) [1] . It is clear that more data are necessary to ascertain the origin of these events.
In this letter, we will assume that at least some of the events with M γγ ≃ 60 GeV have a non-QED origin. It should be interesting to explore the possible new physics which could account for the events; in particular, we will examine scenarios which address the quark and lepton family problem. Recently, Garisto and Ng [4] have discussed the logical possibilities which could explain the events and pointed out that the new physics which they may imply is extremely limited. The best possibility is to have the s-channel process
where Z ′ and X are new spin 1 and 0 bosons, respectively, and the asterisk indicates that the Z ′ is off-shell. For the new particles, there are three main constraints:
(i) The coupling between Z ′ and neutrinos should be suppressed because of the non-observation of ννγγ events.
(ii) The spin 0 boson X with M X ≃ 60 GeV needs to decay mainly into γγ.
(iii) The branching ratio of Z → l + l − γγ for each charged lepton mode must be large enough to explain the measured rate.
The constraint (i) indicates that the Z ′ cannot have a standard type gauge boson coupling with leptons since the Z branching fractions to leptons obey B(Z → νν)/B(Z → e + e − ) ≃ 6 (see [5] ). The most attractive way to satisfy (i) is to forbid the Z ′ νν coupling natually by a symmetry. Such a symmetry can be realized by adding a gauged U(1) ′ which has non-trivial charges only for the right-handed fermions; then no light neutrino species will couple to the U(1)
There are two scenarios to accommodate (ii). One is to have multiple Higgs doublets with the X boson coming from a doublet which decouples from the ordinary quarks and leptons but which still has couplings to W , Z and Higgs bosons [5] . constraints the couplings of extra Z bosons from e + e − colliders such as TRISTAN [6, 7] .
Within the constraints described above we would like to construct two explicit models based on the gauge group 
To ensure general covariance of the theory, the mixed chiral gauge-gravitational anomaly of U(1) ′ must be canceled. This leads to one more condition that the sum of the U(1) ′ charges vanishes,
i.e., T rQ ′ = 0. In addition to these theoretical conditions, the models must satisfy the usual mass requirements such as (a) the quark and charged-lepton mass matrix determinants must be non-zero and (b) there are only three light neutrino species and the mass for any extra neutrino must be larger than 45 GeV [8] .
We now present our models. By allowing non-zero U(1) ′ charges only for the righthanded quarks and leptons, it is straightforward to show that at least three generations of quarks and leptons are needed in order to satisfy the anomaly-free conditions. Two minimal models (I) and (II) with three additional leptons, E i (i = 1, 2, 3) can be identified. In model (I), these three leptons are simply three right-handed neutrinos.
In model (II), E 1 , E 2 , and E 3 are exotic fermions, with the right-handed representations
and hence have electric charges 0, -1, and 1, respectively. The fermion U(1) ′ charge assignments are given by
Both models predict the existence of τ + τ − γγ events which may be ignored presently because of harder experimental cuts. If γγ+ two-jet events are eventually observed above the QED background, then model (I), in which the Z ′ also couples to quarks, may be viable. Since no convincing evidence for such events currently exists, we will concentrate on model (II) in the remainder of this letter. In this model, to generate the fermion masses as well as to break the chiral symmetries we introduce four Higgs doublets φ i (i = 1, 2, 3, 4) with the following U(1) ′ charges:
As in the standard model, we assume that lepton number for each generation is conserved. Thus the Yukawa couplings can be written as
where i, j are generation indices and ℓ α L are left-handed lepton doublets (ℓ = e, µ and τ ). The masses of the exotics E i can be generated by introducing some Higgs singlets which transform as (1,1,0,−3) and (1,1,0,4) under
Since these singlets will not affect our general discussion, we do not include them in the rest of this letter. We note that since φ 4 is decoupled from the fermion sector, then its principal decay mode will be to two photons through a W loop. 
where g Z ′ is the U(1) ′ gauge coupling and g Z = e/(sin θ W cos θ W ).
Further limits on the Z ′ can be obtained by analyzing e + e − data below the Z resonance. Measurements of the total cross section and forward-backward asymmetry in e + e − → ℓ + ℓ − (ℓ = µ or τ ) have been performed at TRISTAN for several values of √ s in the range from 52 GeV to 64 GeV [6] . The TRISTAN data can be used to put a lower limit on M Z ′ for a given value of g Z ′ ; the relevant theoretical formalism is presented in Ref. [7] . Assuming negligible Z − Z ′ mixing (as indicated by the LEP data), we find that in model (II) for sufficiently large M Z ′ , this limit can be expressed as
at 95% CL.
One might ask how natural it is to have a small Z − Z ′ mixing angle. This can be answered by examining the Z − Z ′ mass matrix in model (II)
where v i are the vacuum expectation values (VEVs) of φ i and v = v
is the standard model VEV. In Eq. 7 we have not included possible contributions from singlet Higgs bosons in (M 2 ) 22 , since they do not affect our conclusions. If M Z ′ is sufficiently heavy then
(8)
Even when the TRISTAN limit of Eq. 6 is saturated, if there is a partial cancellation of VEVs in the numerator (for example, to the 5% level), then θg Z ′ /g Z can be small enough to satisfy the LEP constraint. We conclude that a small mixing angle is possible without a large amount of fine tuning.
Given these limits on the Z ′ , we can now calculate the rate for
If X is the scalar component of φ 4 , the Higgs doublet that does not couple to fermions, then X will decay to two photons exclusively through a W loop. Also, since Z ′ does not couple to quarks or light neutrinos, only the charged lepton pair mode is present. The rate relative to the rate for a standard model Higgs boson of the same mass is given approximately by
where g ′ V,A and g V,A are the couplings of the charged leptons to Z ′ and Z, respectively, f ZZ ′ X is the ZZ ′ X coupling and f ZZH is the standard Higgs trilinear coupling to the Z boson. The last factor in Eq. 9 comes from the Z ′ propagator compared to the standard Z propagator. Given the quantum numbers in Eqs. 2 and 3, the ratio involving the lepton couplings is approximately 8(g Z ′ /g Z ) 2 and the ratio of Higgs couplings is
then Eq. 9 becomes
The Z ′ mass must be at least as large as the v 4 contribution to (M 2 ) 22 in Eq. 7, from which we deduce
Combining Eqs. 10 and 11 we find
The TRISTAN limit in Eq. 6 then implies that R cannot be greater than about 0.5 in model (II).
The standard model branching ratio for Z → e + e − H is 3.6×10 −7 when m H = 60
GeV. The measured branching ratio for the ℓ + ℓ − γγ events, averaged over the four LEP experiments [3] , is about 4×10 −7 in each lepton channel, which would indicate an R value of order unity. Therefore we conclude that the model cannot account for the ℓ + ℓ − γγ events at the current indicated rate if all of the events are assumed to come from new physics. However, if the measured rate were to drop by a factor of 2 or more, or some of the current events are QED background, then the model would be viable. We conclude that if some or all of the ℓ + ℓ − γγ events are not QED background and are due to new physics like that embodied in model (II), then it is possible to have Z → Z ′ * (ℓ + ℓ − )X(γγ) events occurring at a rate similar to that observed at LEP. The models we have studied naturally require three or four quark and lepton families. In some, but not all, of the models τ + τ − γγ events should eventually be seen at a similar rate. Barring an extreme fine-tuning of parameters, it is possible that indications of Z − Z ′ mixing would be seen at LEP I as statistics are increased. Also, clear evidence of Z − Z ′ interference should be detectable at LEP II. Finally, there are exotic fermions in the model which could perhaps be produced directly at LEP II.
